ABSTRACT
BACKGROUND
Tuberculosis (TB) remains a significant human health issue. It is estimated that up to two billion individuals throughout the world are currently infected with Mycobacterium tuberculosis (M. tb), 10% of which will develop active disease during their lifetime [1] . There is an urgent need to find suitable biomarkers which can differentiate between the disease, latent infections and absence of disease to improve the accuracy of tuberculosis diagnosis. A biological marker, or biomarker, is a characteristic that is objectively measured and evaluated as an indicator of a physiological or pathological process or pharmacological response(s) to a therapeutic intervention [2] . Very few biomarkers exist that fulfill these requirements [3] .
in the design of novel intervention strategies [4] . miRNAs, a class of small non-coding RNAs of approximately 21 nucleotides in length that are found in plants, animals, and some viruses [5] , are more stable than mRNAs and are thus good candidates for use as biomarkers [6] . They modulate gene function at the posttranscriptional level and act in fine tuning various processes such as development, proliferation, cell signaling, and apoptosis. The use of miRNAs as potential bio-markers of human disease has been extensively studied and reviewed [7] [8] [9] [10] [11] .
miRNAs that play an important role in human infectious diseases have most commonly been identified in studies on viral infections; for example, the human miRNA Hsa-miR-32 restricts the replication of retrovirus PFV-1 in human cells [12] . Viruses also use miRNAs to regulate host cellular environments. For instance, miRNA miR-K12-11 encoded by Kaposi's sarcoma-associated herpesvirus (KSHV) down-regulates an extensive set of common host mRNAs [13] . As an intracellular bacteria, M. tuberculosis depends on the tolerance of host immune system to control its survival and replication. We hypothesize that miRNAs may also be involved in the pathology of tuberculosis.
Microarray technology permits the simultaneous measurement of the expression of hundreds of miRNAs. This technology has already been widely used and promises to become a standard tool in the near future [14, 15] . The miRNA expression profiles of PBMCs among patients with active TB, subjects with latent TB infection (LTBI), and healthy controls have been compared using microbaray-based expression profiling followed by real-time quantitative PCR validation [16, 17] , and levels of circulating miRNAs in patients with active pulmonary tuberculosis and matched healthy controls have been compared [18] . Those reports showed some potential use of miRNA, such as hsa-miR-365, hsa-miR-223, hsa-miR-144, hsa-miR-451, hsa-miR-424, miR-155 and miR-155* etc. Target prediction and interaction networks have been used to link miRNA and mRNA expression data [16, 17, 19] . Some of these correlations need to be discovered between miRNAs and their target mRNAs in the disease of tuberculosis. Here, we investigated the miRNA expression profile in the peri-blood mononuclear cells of active TB, subjects with latent TB infection (LTBI), and healthy controls using Angilant microarrays. Three different databases were included to predict the targets between differentially-expressed miRNAs and differentially-expressed mRNAs and results indicate that there is considerable inconsistency in the sensitivity and efficiency of these databases. Two differentially-expressed miRNAs, miR-21* and mir-15b*, were quantified to validate their expression pattern using Quantitative RT-PCR.
MATERIALS AND METHODS

Samples
We used two independent mRNA gene expression datasets. The first dataset (Table S1 ) contained 31 samples obtained from the GEO database (GSE6112) [19] . The gene expression profiles obtained by microarray analysis of peripheral blood mononuclear cells from patients with active TB, LTBI and healthy donors are listed in Table  S2 for TB patients, latent-infected and completely healthy subjects [20] .
The second dataset (Table S2 ) comprised four samples obtained in our lab by infecting THP-1 cells with drug-resistant and drug-sensitive M. tb at an MOI of 10 for 18 h (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? acc=GSE15539), and was included to extend the relevance of our miRNA analysis to subjects who are resistant to some anti-TB drugs.
The 27 subjects used in this mRNA microarray analysis, characterized as patients with active TB, LTBI and healthy controls were college student volunteers aged 20 to 29 from the Changping District of Beijing, China. Subjects were selected randomly after performing tuberculin skin tests (TST) and X-ray examinations. Two of the 9 active TB patients were later confirmed as mutidrug resistant (MDR) TB by absolute concentration method on L-J slant and the bloods were collected within two weeks of treatment. The TST was considered positive if the diameter of the induration was >10 mm after an intradermal injection of 5 tuberculin units of PPD (Xiangrui Corp., Beijing, China). Results of the TST were read after 48 h.
PBMCs were prepared using a Ficoll-Paque PREMIUM (GE) kit according to the manufacturer's instructions. Samples for each group consisted of 2 ml of blood from three volunteers. Three mRNA samples were isolated from each group, each sample being pooled from three subjects, to rule out the possibility that differences in gene expression were due to variation in the relative abundance of cell populations between individuals.
Total RNA Isolation
Total RNA was isolated from THP-1 cells and PBMCs using a mirVana™ RNA Isolation Kit (Applied Biosystem p/n AM1556) according to the manufacturer's instructions. THP-1 cells and PBMCs were prepared as described below.
THP-1 cells for M. tb infection were first sub-cultured every third day to an initial density of 2 × 10 5 cells/ml and then differentiated into adherent, well-spread macrophages by addition of 100 nM phorbol myristate acetate (PMA). Prior to infection with M. tb at an MOI of 10, the THP-1 cells were washed twice with PBS. M. tb and THP-1 cells were then gently rocked for 0.5 h at 37˚C, 5% CO 2 , before removing M. tb not associated with THP-1 cells by repeated washing with PBS.
mRNA and miRNA Expression Profiling
A 22K Human Genome chip representing the 21,522 human ORFs was used along with a 70-mer oligonucleotide probe (CapitalBio Corp., Beijing, China) to analyze mRNA expression in THP-1 cells before and after infection. Microarray hybridization was performed according to published protocols [9, 13] . Fluorescence intensities of Cy3 and Cy5 dyes at each spot on the 22K Human Genome Array were scanned and quantified using a double tunnel laser scanning LuxScan 10KA (CapitalBio). Gene expression scanning data were first analyzed using LuxScan 3.0 (CapitalBio) and then submitted for further analysis as outlined in [21] . Only genes whose expression was up-regulated at least 2.0-fold or down-regulated at least 0.5-fold were accepted as significant.
miRNA expression profiling was performed using a Human miRNA microarray v2.0, which contains 723 human and 76 human viral miRNAs, each replicated 16 times. 100 ng of each RNA sample was hybridized to an Agilent Human miRNA Microarray v2.0 (G4470B, Agilent Technologies). MiRNA labeling, hybridization and washing were carried out according to the manufacturer's instructions. Images of hybridized microarrays were acquired with a DNA microarray scanner (Agilent G2565BA), and features were extracted using Agilent feature extraction (AFE) software version 9.5.3. image analysis tool version A.9.5.3.1 with default protocols and settings [22] . Raw data are available on the National Center for Biotechnology Information Gene Expression Omnibus website (http://www.ncbi.nlm.nih.gov/geo/) using accession number GSE25435 [23] .
Prediction of mRNA-Associated miRNAs
Three miRNA databases, TargetScan (http://www.targetscan.org), PicTar (http://pictar.mdc-berlin.de) and miRanda (http://www.microrna.org/microrna/home.do) were used to predict miRNAs and their target mRNAs in humans. We searched these databases for miRNA targets using mRNAs that were differentially-expressed in the two datasets used in this study. Only miRNAs that were differentially-expressed along with their mRNA targets were considered as potential markers.
PCR Validation
Quantitative RT-PCR validation was performed using SYBR Green Realtime PCR Master Mix (TaKaRa) and miScript Reverse Transcription Kit and primers according to the manufacturer's instructions (Qiagen). Reactions were performed on an ABI7700 thermocycler (Applied Biosystems), and cycle threshold values were determined using the manufacturer's software. Each group of subjects with active disease (pulmonary tuberculosis) or latent-infection and the group of healthy controls had eight members. Signals were normalized to expression levels of the U6 snRNA transcript. Fold changes were plotted as ΔCt (ΔCt = Ct target − Ct control ) using GraphPad Prism 5.0.
RESULTS
miRNA Array
To perform a microarray-based integrated analysis of mRNA and miRNA data, we first determined the miRNA profile of patients with active TB, patients with LTBI and healthy controls. PBMCs from subjects were isolated and counted to make sure that equal numbers of cells (5 × 10 6 ) were used for the extraction of total RNA. The entire data set is accessible in the GEO public database (GSE25435).
Microarray analysis (Figure 1(a) ), followed by analysis of variance (ANOVA), revealed that 26 miRNAs were differentially-expressed among subjects with active disease, those with latent infection and healthy controls. Twenty-three of these miRNAs were differentially expressed between subjects with active disease and those with latent infection, and 20 miRNAs were differentially expressed between subjects with active disease and healthy controls. Only four miRNAs were differentially expressed between subjects with latent infection and healthy controls (Figure 1(b) ).
Infection Array
Bearing in mind that significant changes in mRNA expression may take place during the many steps of PBMC sample preparation, we used THP-1 cells instead of PBMCs to measure mRNA gene expression after in vitro infection. When patients with tuberculosis are diagnosed, they have usually passed the initial infection period. To ascertain the role miRNA plays during the initial course of the disease, we examined mRNA expression patterns in THP-1 cells infected with different strains of M. tb (T36 and T242; drug sensitive and extensively drug-resistant tuberculosis strains, respectively, each belonging to the Beijing genotype family [24] ) at an MOI of 10 using an mRNA array. Results (Table S1) show that 87 genes were differentially-expressed, 80 of which were up-regulated (ratio >2) and seven of which were down-regulated (ratio <1/2) (Figure 2) . Most of the differentially-expressed genes were chemokines/cytokines and their receptors or receptor precursors (Table S1 ). These 15 miRNAs targeted 90 of the 178 differentially-expressed genes ( Table 1) . Many miRNAs were predicted to target the same mRNA ( Table S2 ), indicating that they may be involved in the same pathways during tuberculosis disease progression. Both has-miR-21* and has-miR-26b* had six target mRNAs, while has-miR-543 and has-miR-21* all targeted CXCL1, IGFBP3, PDE4 and E2F5 ( Table 1) . We hypothesize that differential expression of miRNAs results in differences in the expression of their target mRNAs among patients with active TB, subjects with LTBI, and healthy controls, however, this requires further experimental verification.
reported data 1 (Table S1 ) and our data (Table S2) , indicating that they were shared during the disease process and early infection of macrophages.
In Silico miRNA Target Prediction
We hypothesized that miRNAs are involved in tuberculosis disease progression. To verify this we examined the relationship between the miRNA array results (Figure 1) and their target mRNA array results (Figure 2) using PicTar, MirTar and TargetScan miRNA target prediction algorithms. Target mRNAs that were also differentially-expressed during M. tb infection were found for 15 of the 26 differentially expressed miRNA in PBMCs.
The three miRNA prediction databases gave quite diferent results ( determine the relationship between differentially-expressed miRNAs and mRNAs. Target mRNAs of differentially-expressed miRNAs were readily found when prediction was performed using miRanda, while PicTar gave the fewest predictions. Of the 178 differentiallyexpressed genes, only 16 mRNAs targeted by 9 miRNAs were common to any two of the prediction databases, and none of them were predicted simultaneously by all three prediction databases.
PCR Validation
PCR assays quantify miRNA precursors (primary precursor and precursor) and not the active, mature miRNA. Here we examined the expression of two of the differentially-expressed miRNAs identified in this study, miR-21* and mir-15b*, in subjects with active disease, those with LTBI and completely healthy subjects (Figure 3) . Levels of miR-21* were significantly higher in subjects with active disease (p < 0.05), but low in those with latent infection and healthy subjects, with the increase of 1.55 fold vs. healthy subjects and 1.92 fold vs. subjects with LTBI. Levels of mir-15b* were significantly higher in healthy subjects, but not different between subjects with active disease and those with latent-infection (p > 0.05), with the increase of 1.28 fold vs. subjects with LTBI and 1.41 fold vs. active patients.
DISCUSSION
Routine clinical methods for diagnosing TB, involving radiography, culture of sputum and the tuberculin skin test (TST), have many shortcomings. Finding new biomarkers in tuberculosis is not only necessary for diagnosing patients with TB, but also for the staging or classification of TB, TB prognosis, and TB drug and vaccine trials [4, 20] . The use of miRNAs as biomarkers for different kinds of cancers has been intensively investigated and some promising candidates have been developed as vaccines [25] . With respect to their use as biomarkers for infectious diseases, in this study we analysed miRNAs involved in tuberculosis using a microarray approach combined with the use of three online mRNA target prediction methods.
Using microarrays is an easy way to analyze changes in the expression of miRNAs during the progression of disease. Over the past year, a number of different approaches have been described for quantifying miRNAs, including cDNA arrays [21, [26] [27] [28] , a modified Invader Figure 3 . Quantitative analysis of miRNA expression in PBMCs from subjects with active disease, those with latent infections and completely healthy subjects. Expression levels were normalized to U6 snRNA transcript levels. miRNA expression levels are depicted as ΔCt values (Y-axis). Statistical analysis was performed using unpaired t-tests. **P < 0.01, *P < 0.05, NS: not significant. Patient, patients with active TB; Latent, subjects with latent TB infection; Healthy, healthy controls.
assay [29] and real-time PCR to measure miRNA precursors [30] [31] . However, unlike cancers, the use of miRNAs as markers has not yet been verified for bacterial infectious diseases. Recently several research groups have reported studies on miRNAs involved in TB [16] [17] [18] . Some of the miRNAs which have been described as potential markers in TB diagnosis, such as the miR-155 [16, 17] , miR-21*, miR-500*, miR-550 [17] were also detected in our study. Other miRNAs shown in this study to be related to TB need further validation.
TargetScanS, PicTar and miRanda seem to be the best methods for predicting miRNA targets, with sensitivity values ranging between 65% and 68%. The overlap between the target gene sets we obtained for differentiallyexpressed miRNAs was not strong. Sethupathy et al. suggest some answers which address this problem. These three programs inevitably have different features in terms of specific base-pairing rules, such as sequence match rules and thermodynamics, and cross-species conservation requirements [32] . In agreement with the analysis conducted by Sethupathy et al., miRanda was more sensitive here than TargetScan, however, PicTar was not as sensitive in our analysis as in their report [32] . TargetScan features an efficient reduction in the false-positive rate, however the required strict complementarity in the seed region is more likely to lead to the loss of loosely conserved targets and those containing wobble pairings, including 3'-compensatory sites [33] . Although miRanda is more sensitive than the other two programs, it seems to be slightly less effective in terms of specificity, although this issue will be tackled in the next versions to be released. PicTar has the lowest sensitivity of the three programs, but the experimental validation of seven out of 13 tested predicted targets, and the validation of eight of nine previously known targets, demonstrates the efficiency of the algorithm [33] . As a result, we combined the prediction results from all three programs and obtained the target mRNAs of 15 miRNAs ( Table 1) .
We validated the differentially-expressed miRNAs by qRT-PCR. miRNA-21* had potential as a biomarker for active disease, while miRNA-15b* was able to discriminate between healthy subjects and subjects infected with the M. tb bacterium. It was not, however, able to discriminate between subjects with active disease and those with latent infection. Real-time PCR has unparalleled sensitivity and specificity; however, it quantifies the miRNA precursor and not the active, mature miRNA. Moreover, clinical specimens show great variation in disease progression and genetic diversity.
CONCLUSION
Whole-genome transcriptional profiling uncovered some potential signatures in the development of the disease [4, 20] . Transcripts identified by the microarray methods included not only mRNA, but also non-coding RNAs, such as miRNA. We report changes in miRNA expression profiles associated with disease process in individuals with active TB, latent TB and healthy controls. The putative miRNA targets identified suggest that differentially-expressed miRNAs combined with differentially-expressed mRNAs from the same whole-genome transcriptional profiling experiments may be used as the new ways to better understand the TB disease. Further testing and validation are needed to determine whether the differentially-expressed miRNA-mRNA pairs identified here can be used as biomarkers for monitoring TB infection, disease progression or treatment outcomes.
